ABSTRACT: It is now established that iron (Fe) availability controls phytoplankton productivity and community structure in ca. 50% of the Pacific Ocean's surface waters and that heterotrophic bacterioplankton may also be either directly or indirectly Fe-limited. Proxy indicators of Fe-stress are available for the phototrophic community (e.g. ferredoxin/flavodoxin ratios) but are lacking for the heterotrophic bacterioplankton. While current analytical tools provide valuable information with regard to micronutrient chemistry and speciation, they do not provide insight into the relative bioavailability of different Fe sources. We present the results of a field trial in an oceanic system of a tool that allows for the assessment of Fe bioavailability in natural systems: the Fe-responsive bioluminescent heterotrophic bacterial reporter. Fe bioavailability was monitored with this tool at the scale of the Eastern Pacific Basin during the mature phase of the El Niño event of 2002. The results demonstrate significant spatial variance, highlighted by regions of decreased Fe availability at equatorial stations along the transect. Using this tool in combination with radiotracer studies of bacterial growth and community Fe uptake, we provide insight into system Fe chemistry and the status of the heterotrophic bacterial community. Our results indicate that different environments with similar concentrations of total Fe can demonstrate different Fe bioavailabilities. Moreover, the small particulate size fraction (0.2 to 0.8 µm) appears to buffer artificially induced variations in Fe bioavailability, implying that studies of Fe bioavailability need to be extended beyond those in the dissolved (< 0.2 µm) size class.
INTRODUCTION
Concentrations of Fe in surface waters of the Pacific Ocean average ca. 0.26 nM, which is 5 times lower than the average concentration in the Atlantic Ocean (ca. 1.3 nM; Donat & Bruland 1995) and results in the widespread limitation of primary productivity owing to the limited availability of this element. High-nutrient low-chlorophyll (HNLC) conditions occur in 3 pelagic areas of the Pacific basin, covering 40% of its surface waters (Whitfield 2001) : the sub-Antarctic circumpolar waters in the Southern Ocean, the eastern equatorial Pacific, and the Gulf of Alaska in the sub-Arctic Pacific. These 3 areas coincide with divergence-driven regional upwelling of nutrient-rich deep waters, and in the cases of both high-latitude HNLC regions with strong seasonal deep mixing (Wells et al. 1995) . Feenrichment experiments (Martin & Gordon 1988 , de Baar et al. 1990 ) and subsequently mesoscale fertilizations (reviewed by Boyd 2002 , Tsuda et al. 2003 have unequivocally demonstrated that Fe availability controls primary production and community structure in these HNLC areas.
Such HNLC conditions are not constrained to offshore water. Indeed, on-deck experiments demonstrated that HNLC conditions also exist in coastal areas such as the Californian (Hutchins et al. 1998 ) and South American (Hutchins et al. 2002 , Frank et al. 2003 ) upwelling systems. Recently, Fe has also been implicated in the large-scale 'brown water' diatom blooms that occur in Peruvian coastal waters (Bruland et al. 2005) . Furthermore, other investigations suggest that Fe may also limit primary productivity in both the Central North (DiTullio et al. 1993 ) and South (Behrenfeld & Kolber 1999) Pacific gyres, which were previously thought to be primarily limited by nitrogen.
The Eastern Tropical Pacific (ETP) is an area of interest because this highly productive region supports one of the world's largest industrial fisheries (Thorpe et al. 2000) and is periodically affected by the El Niño-Southern Oscillation (ENSO) event, which causes a breakdown of these fisheries (Lehody et al. 1997 , Chavez et al. 1999 . Surface waters of the Eastern Pacific Ocean display significant variations in Fe concentrations on both a temporal and a spatial scale. These features offer ideal conditions under which to study the variations in Fe bioavailability (i.e. the portion and chemical speciation of Fe that can be absorbed, transported and utilized physiologically) between water masses with distinct biogeochemical signatures.
Although it has been well documented that both phytoplankton and bacterioplankton employ various strategies to acquire Fe from their environment(s), one major challenge remains for the determination of the chemical species of Fe that are assimilated from the environment (Wells et al. 1995) . Until recently, the total concentration of dissolved Fe was used as a proxy of Fe availability to planktonic organisms. However, advances in analytical chemistry have shown that Fe speciation is very complex in aquatic systems. Indeed, chemical analyses have suggested that most of the dissolved Fe (DFe, < 0.2 µm) in surface waters is complexed to organic ligands (e.g. Rue & Bruland 1997) that may be released via grazing, virus-mediated cell lysis, or active production (Wilhelm & Trick 1994 , Wilhelm & Suttle 1999 , Poorvin et al. 2004 ). This suggests that the microbial activity greatly influences Fe speciation and that scavenging by different Fe-acquisition mechanisms may exert a control on Fe bioavailability at the community level. Because traditional analytical methods cannot resolve the bioavailable fraction of Fe, various experiments have been performed to assess the bioavailability of Fe to marine bacterioplankton. These included size-fractionated Fe-uptake experiments, either coupled or not coupled with manipulation of bioavailable Fe (e.g. Tortell et al. 1996 , Wells & Trick 2004 , and the estimation of bacterial production via measurement of leucine (Leu) or thymidine (TdR) incorporation (Pakulski et al. 1996 , Church et al. 2000 , Kirchman et al. 2000 . Results from these studies suggested that bacterioplankton may be directly or indirectly Fe-limited, where indirect limitation results from the reduced release of dissolved organic matter by the Fe-limited microbial community. As such, while these experiments provided insight into the Fe status of the global bacterioplankton population, they did not provide direct information on the linkage between microbial activity and Fe bioavailability in situ.
In this study, we used a dual approach to assess Fe bioavailability to bacterioplankton. We monitored variations in Fe bioavailability using the bioluminescent Fe-responsive bioreporter strain Pseudomonas putida FeLux (Mioni et al. 2003 ) during the mature 2002-03 ENSO event (October 2002) at the scale of the whole Eastern Pacific Basin, along a transect between the coasts of Chile (26.3°S, 75.0°W) and Mexico (17.5°N, 111.1°W) . This bioreporter consists of an intact, living heterotrophic bacterial cell (P. putida) that has been genetically modified to produce a luminescent signal that is inversely correlated to Fe bioavailability (see Mioni et al. 2003 for further details). In parallel, we manipulated Fe availability at each station via a series of Fe addition and sequestration (using the hydroxamate siderophores desferrioxamine B [DFB] and ferrichrome [FC] ) experiments in size-fractioned seawater samples). As a complement to this approach, we used traditional techniques to examine the effects of solar irradiance on saturated Fe assimilation rates using 55 Fe, and 3 H-TdR and 3 H-Leu to estimate bacterial production via radiotracer studies. Results from this study enabled us not only to assess changes in Fe bioavailability between various domains of the eastern Pacific, but also to infer the degree of in situ bacterial Fe limitation. While extrapolations from a single bacterial species to the entire community must be made with some caution, this tool nonetheless provides the best available proxy for Fe bioavailability to bacteria.
MATERIALS AND METHODS
Sample collection. For all stations, surface seawater was collected before sunrise to minimize effects of variations in light pre-exposure (Table 1) . Hydro-graphic data were collected using the ship's Seabird CTD. For chlorophyll a (chl a) measurements, water samples were collected at 5 m depth with Niskin bottles mounted on the ship's CTD rosette. Chl a was quantified with a Turner Designs 10-AU fluorometer using the non-acidification protocol of Welschmeyer (1994) . For experiments to characterize Fe concentration, Fe bioavailability, bacterial activity and Fe assimilation rates, seawater samples were collected using Go-Flo bottles at 10 m depth and subsequently homogenized in acid-cleaned polycarbonate carboys. Subsamples of unfiltered water were retained for measurement of total Fe concentrations and were stored frozen in acid-washed 125 ml Teflon flasks for future analysis. Samples for bioreporter assays were filtered with acidwashed 0.8 or 0.2 µm polycarbonate filters and processed immediately. All manipulations were performed in a laminar-flow Class 100 clean area with trace metal clean and aseptic techniques.
Total Fe analysis. Unfiltered non-acidified samples were stored at 4°C in the dark in Teflon bottles. Samples were acidified to pH 3.0 with HCl (Fisher, trace metal grade), placed in acid-cleaned quartz tubes and irradiated by ultraviolet light (1200 W, 0.1 m distance from source) for 22 min. Sample pH was adjusted to pH 8.0 using clean NH 4 OH prepared by isothermal distillation, and the samples were passed through a 1.1 ml bed of Na-form Chelex-100 (100 to 200 mesh; Bio-Rad; pH 8), prepared using purified NaOH (Alfa-Aesar) at a maximum flow rate of 3 ml min -1 . The resin bed was rinsed with 5 ml of deionized water to remove salt water, and the chelated metals were stripped off the column by 7 successive additions of 1 ml volumes of 1 M nitric acid (Seastar). Fe content in the acid extract was determined by transversely heated Zeemancorrected graphite furnace atomic-absorption spectrophotometry (AA-600; PerkinElmer Instruments) using MgNO 3 as a matrix modifier. Two similar volumes of NASS-5 certified reference seawater (National Research Council of Canada) were processed and analyzed with the samples. Blanks were determined by rinsing 1.1 ml of Chelex-100 resin with deionized water and extracting with 1 M nitric acid, as described above; Fe content in blanks was subtracted from the sample and certified reference values. NASS-5 values were 114% of the certified value; no Fe was detected in the resin blanks.
Culture conditions and shipboard assessment of Fe bioavailability using Pseudomonas putida FeLux. P. putida FeLux stock cultures were maintained in Pseudomonas Isolation Agar (Remel) supplemented with 50 µM µl -1 tetracycline and prepared for bioassays in the field as previously described (Mioni et al. 2005) . Maintenance cultures were grown in the dark in a temperature-controlled incubator (25°C) on an orbital shaker (220 rpm). In accordance with the results from preliminary growth tests, the following amounts of Chelex-100 treated and filter-sterilized nutrient stocks were added to the seawater to make sure that the level of all nutrients but Fe was sufficient to support the growth of the bioreporters: NH 4 NO 3 , 20 µM; NaH 2 PO 4 , 10 µM; glycerol, 1 µM; and vitamin mix (ESAW recipe, Berges et al. 2001) , 100 µl. On the day prior to sampling at each station, 5 ml of an overnight culture were transferred for acclimation to an acid-washed and microwave-sterilized 500 ml polycarbonate Erlenmeyer flask filled with 95 ml of filter-sterilized (0.2 µm) enriched seawater collected off the coast of Chile. The resulting batch culture was subsequently incubated overnight at 25°C with shaking.
To assess the availability of Fe to our model bioreporter, we carried out a series of Fe amendment and removal experiments (vis-a-vis Eldridge et al. 2004) . Fe 'removal' was accomplished by adding increasing concentrations of commercially available terrestrial siderophores (DFB or FC) that render Fe unavailable to Pseudomonas putida FeLux (Mioni et al. 2003 (Mioni et al. , 2005 . Siderophores were added to both 0.2 and 0.8 µm filtered seawater samples. In parallel, we conducted Feenrichment experiments by supplementing the samples with up to 1.5 nM inorganic Fe. The rationale for these 0.2 to 0.8 µm pore sizes was the separation of the DFe fraction (< 0.2 µm) from the particulate fraction (> 0.2 µm), and therefore from the resident prokaryotic component (which predominates in the 0.2 to 1 µm size fraction). Seawater was supplemented as indicated above. Acid-washed and microwave-sterilized Teflon Oakridge tubes were filled with 18 ml aliquots of enriched and filtered seawater. Fe availability was manipulated by supplementing the seawater aliquots ). Each treatment was repeated in triplicate (with results presented as mean ± SD). Light production was measured at 2, 4 and 6 h using a Zylux FB14 luminometer. In parallel, 950 µl of each treatment was fixed with 50 µl of glutharaldehyde (2.5% v/v) and kept refrigerated until bacteria were enumerated using epifluorescence microscopy (Hobbie 1977) . Light production was normalized to reporter cells ml -1
. Reported values are means of 3 replicate cultures for the time-point for which the signal was the strongest (t = 4 h).
Fe uptake by natural communities. Saturated, sizefractionated Fe assimilation rates for marine assemblages were estimated at stations occupied during this study under light and dark conditions. Surface seawater was collected in acid-washed 2.7 l polycarbonate bottles. ; New England Nuclear) were added to independent triplicate bottles, which were then incubated for 48 h at in situ temperatures. The bottles were either exposed to in situ light levels or maintained in darkness for the duration of the experiment. Following incubation, water was filtered in parallel through 0.2, 1.0 and 8.0 µm nominal pore-size polycarbonate filters, which were then washed with Ti (III)-citrate-EDTA to remove surface associated 55 Fe (Hudson & Morel 1989) . Assimilated 55 Fe was measured using the Wallac Tri-Lux scintillation counter.
Bacterial productivity. Bacterial productivity was estimated by measuring tritiated ([ . Three replicate samples were incubated for 4 h in the dark at in situ temperatures, along with 2 control samples killed with trichloroacetic acid (TCA; 5% final concentration). The incubation was stopped with TCA (5% final concentration). Samples were rinsed via centrifugation in 5% TCA, and the radioactivity incorporated into bacterial cells was then counted using a liquid scintillation counter. Activities within the killed controls were subtracted from reported values for the live samples.
Statistical analyses. Statistical analyses for all the data presented here were performed using SPSS (version 12) software. ANOVA and independent ttests (2-tailed) were performed assuming equal variance on mean values. ANOVA (1-way) was used to establish the statistical significances of variation among different treatments. Dunnett's test was used to analyze the significance of the variation of means of a set of amended treatments relative to the control treatment mean (Corston & Colman 2003) . For all analyses, a 95% confidence interval (α = 0.05) was used. Unless stated, results were considered significant at p < 0.05.
RESULTS

Study area
Samples were collected during the 'BRIDE of TABASCO' cruise (Bacterial Response to Irradiance Driven Energy-Translatitudinal Assessment of Biological Acclimation to Solar Conditions in the Ocean) from October 1 to October 14, 2002 (Fig. 1) . The cruise track covered 3 sectors of the eastern Pacific Ocean: the southeastern Pacific (Stns BT01 to BT03), the equatorial Pacific (Stns BT04 to BT10) and the subtropical northeastern Pacific sectors (Stns B11 to BT13). The characteristics of each station are summarized in Table 1 . Total Fe concentrations (dissolved + particulate) remained within a nanomolar range, spanning between 1.5 (BT11) and 10.2 nmol kg -1 (BT06), except for Stn BT01 at which a sub-micromolar level was reached (102 nmol kg -1 ; Fig. 2A ). DFe concentrations were not measured in the present study, but values reported in the literature for the study area are lowest for the stations located close to the equator (ca. 0.08 nM) and highest in the vicinity of Stns BT03 (0.3 nM) and BT12 (~0.40 nM) ( Fig. 2A , Table 2 ). Chl a concentrations in surface waters were extremely low, ranging from 0.07 (BT12) to 0.39 µg l -1 (BT01; Fig. 2B ). Two southern stations, surrounding a local upwelling cell (ca. 22 to 23°S) off the coast of Chile, displayed the highest chl a concentrations: BT01 (26°S, 0.39 µg l -1 ) and BT04 (14.5°S, 0.34 µg l -1 ). The lowest chl a concentrations were observed north of the equator. These low chl a estimates coincided with observed changes in temperature and salinities.
The evolution of the biophysical parameters suggested that several water masses were crossed along the transect and that stations north of the equator may have been affected by the 2002 ENSO episode. However, the oligotrophic waters of the warm pool did not appear to have reached the southernmost part of the study area (i.e. Chilean coast). These observations agree with previous reports (McPhaden 2004) . ; Fig. 2C ). With the exception of the equatorial station (BT07), light production peaked at ca. 0.06 Rlu cell -1 s -1 at stations located between the coast off Peru (BT04) and the Costa Rica Dome (BT09); no significant variations were found between these stations (ANOVA, p = 0.050). Interestingly, a sharp and significant decrease (ANOVA, p < 0.001) in light production was observed within this zone at Stn BT07, which exhibited the lowest light production of the transect (ca. 0.014 ± 0.001 Rlu cell -1 s -1
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). Light production decreased significantly (ANOVA, p < 0.001) between the ETP stations and the northernmost station investigated (BT12; 0.028 ± 0.005 Rlu cell -1 s -1 ) to reach a level similar to but significantly lower (t-test, p = 0.041) than that observed at the southernmost station. This result suggests that Fe was more bioavailable to bioreporter cells north of the ETP system.
Response of Pseudomonas putida FeLux to manipulations of bioavailable Fe
The response of the Pseudomonas putida FeLux bioreporter to changing Fe bioavailability is shown in Fig. 3 . Two groups of stations can be differentiated: (1) the stations at which addition of siderophore (DFB and/or FC) resulted in an increase in light production, suggesting that added siderophore decreased the level of available Fe originally present in seawater (BT01, BT04, BT05, BT07, and BT12); (2) the stations at which siderophore addition did not result in an increase At Stn BT01, light production increased between the treatment amended with 1.5 nM of Fe and the treatment supplemented with 3 nM of DFB (R 2 = 0.999; slope = -0.004). Light production in + 3 nM DFB (Dunnett's test, p = 0.022) and +1.5 nM Fe (Dunnett's test, p = 0.031) treatments was significantly higher and lower, respectively, compared with that measured in the non-amended control. Light production appeared to decrease upon addition of 10 nM DFB, but this decrease was not significant relative to the + 3 nM DFB treatment (t-test, p = 0.0549), suggesting that DFB additions greater than 3 nM were sufficient to complex most of the bioavailable Fe in the sample. Above this threshold concentration, bioreporter cells may have been too severely starved to undergo the luciferase reaction and subsequently to generate light.
In contrast to Stn BT01, there was no perceptible response to the lowest (< 3 nM) DFB additions at Stns BT04, BT05, BT07 and BT12. Instead, light production significantly increased upon addition of > 3 nM DFB (Table 3) . Futhermore, the addition of Fe at nanomolar levels did not result in any significant decrease in bioluminescent signal except at Stn BT07. This suggests that the bioreporter cells did not perceive an increase in Fe bioavailability in the Fe-amended treatments. At Stn BT12, amendment of the seawater samples with FC did not result in a significant alteration of the light production relative to DFB additions within the range of concentrations tested (Dunnett's test, p > 0.05). The bioluminescent signal did not increase significantly in response to the addition of DFB at Stns BT03, BT06, and BT09. However, a significant decrease in light production was observed when inorganic Fe was added. When more than 5 nM of DFB was added to the sample, light production remained stable (Stn BT06) 
Influence of the ambient bacterial community on Fe bioavailability
To investigate the effect of the small particulate fraction on Fe bioavailability, we conducted similar Fe removal/addition experiments in 0.8 µm filtered water at 3 stations: BT04, BT07, and BT09 (Fig. 4) . At all stations, the 'small particulate Fe' treatments (< 0.8 µm) displayed significantly different luminescent signals relative to those observed for the 'DFe' samples (< 0.2 µm). At Stn BT04, the luminescent signal decreased slightly but significantly (ttest; p = 0.049) when bioreporter cells were incubated in 0.8 µm filtered seawater. In contrast, the 0.8 µm treatments displayed a significantly higher luminescent signal for both Stns BT07 (t-test, p < 0.001) and BT09 (t-test, p = 0.042). These changes were especially prominent at the equatorial station (BT07), because the signal increased by a factor of 2 between the 0.2 and the 0.8 µm filtered treatments. Although significant, variations in bioreporter response were less pronounced at both Stn BT04 (-25%) and Stn BT09 (+ 20%).
Within the range of concentrations tested, addition of Fe or DFB to the 0.8 µm filtered seawater sample did 
Saturated Fe assimilation rates
Light-driven assimilation rates of Fe were highest at the equatorial Pacific stations (BT04 to BT10), ranging from ~90 to 400 pM d -1 (Table 4 ). Fe assimilation rates were low at the northern (BT13, 9.3 ± 2.1 pM d (Table 3 ). In total, there was no significant difference between the light and dark treatments within size classes (0.2 to 1.0 µm, p = 0.108; 1.0 to 8.0 µm, p = 0.838; > 8.0 µm, p = 0.286); however, within stations there were some significant differences (p < 0.005), including higher rates of Fe-uptake under both light and dark conditions for the 0.2 to 1.0 and > 8.0 µm size classes.
Bacterial production
Bacterial production varied by ca. 20-to 62-fold (Fig. 5A,B) . The highest bacterial production rates were observed at Stn BT06 and at the northern stations of the equatorial Pacific sector (BT09 to BT11) and the lowest at the equatorial station (BT07) and a station located in the subtropical northeastern Pacific (BT13). We did not observe any clear correlation between total Fe concentrations and chl a concentrations or bacterial production.
Bacterial production was not affected by the addition of 1.5 nM Fe in our dark incubations, except for the equatorial station (BT07) where both leucine and thymidine incorporations in Fe-amended treatments differed significantly (t-test; Leu: p < 0.001; TdR: p = 0.001) from rates in unamended controls (Fig. 5C ). At the ETP stations, at which the lowest total Fe concentration was observed, Leu and TdR incorporation rates were not correlated. At Stns BT08 and BT11, TdR incorporation rates in Fe-amended samples did not differ from rates in unamended controls (t-test; BT08: p = 0.230; BT011: p = 0.530), while Leu incorporation rates were significantly enhanced by 1.5 nM Fe enrichment (t-test; BT08: p = 0.004; BT011: p = 0.011). At Stn BT06, TdR incorporation was enhanced in Fe-amended samples (t-test; p < 0.001), while Leu incorporation rates were not affected by Fe enrichment (t-test; p = 0.485).
DISCUSSION
Several conclusions can be drawn from the present study: (1) that a gradient of Fe bioavailability persisted in the eastern Pacific Ocean along the course of the transect, (2) that changes in Fe bioavailability to heterotrophic bacteria do not always correlate with gross changes in total phytoplankton biomass (as measured by chl a) or total Fe concentrations, (3) that a manipulation of Fe bioavailability using xenosiderophores (e.g. DFB and FC) in conjunction with bioreporter analyses provides valuable information with regard to the degree to which Fe is bioavailable in environmental samples, and (4) that the small particulate pool (0.2 to 0.8 µm) can act as both a sink and a source of bioavailable Fe. These points are developed in the discussion that follows.
Assessment of Fe bioavailability along the transect
Little is known of the Fe-status of the heterotrophic bacterioplankton in the Eastern Pacific Basin. A mesoscale experiment (IronEx II) in oceanic waters of the Equatorial Pacific (ca. 10°west of our transect) reported an increase in bacterial abundance in response to Fe enrichment, suggesting that heterotrophic bacteria were at least indirectly Fe-limited (Cochlan 2001) . In contrast, Fe-enrichment experiments performed in the Central Equatorial Pacific suggested that carbon limitation controls bacterioplankton growth (Kirchman & Rich 1997) ; however, Fe effects Fe internalization rates (titanium-citrate-EDTA washed samples; n = 3; ± SD) for experiments carried out under dark and ambient light conditions;
p-values resulting from t-tests for each light-dark treatment are also given
were not directly tested in that study. Previous reports of the Peru upwelling suggested that phytoplankton are Fe-limited rather than Fe-starved in this region and that the natural Fe gradient correlates with shifts in the bacterial community (Eldridge 2004) , suggesting that bacterioplankton are affected by Fe bioavailability. Bioreporter analyses presented here clearly show a decrease in DFe bioavailability as one transects toward the equator, either from the Chilean coast to the central coastal area off Peru or from the coastal waters northwest off Mexico to the Costa Rica Dome. Manipulations of Fe bioavailability further suggest that Fe was not limiting in the surface waters off Chile and the northern station (Stn BT13). In contrast, stations located within the Peruvian coastal system displayed the highest bioluminescent signal, suggesting that Fe bioavailability was the lowest in this region. These results are consistent with previous observations (Bruland et al. 2005 This gradient in Fe bioavailability is also evident in the size-fractionated Fe assimilation data, which show enhanced rates of Fe acquisition that parallel the observed levels of Fe-deficiency from the bioreporter analyses. Saturated Fe uptake rates were highest at the stations closest to the equator (BT07 to BT10), and lowest at the stations where the bioreporter analyses suggested that the community was Fe-replete (BT01 and BT13). Moreover, although bioavailable Fe levels estimated from bioreporter analyses do not correlate with our estimated total Fe concentrations (R = 0.255), they appear to correlate well with the DFe concentrations reported in the literature (Fig. 2, Table 1 ).
Unfortunately, no DFe concentrations or Fe speciation data are presently available for the equatorial station (BT07) to explain the observed drop in luminescence. Although it is difficult to discard the likelihood that the seawater sample was contaminated, the low light production might reflect a severe Fe starvation of the bioreporter cells that resulted in a decrease in cellular energy, which is necessary to sustain the luciferase reaction. Indeed, Fe starvation affects electron transport systems and the metabolic activity of bacteria (Tortell et al. 1996 and light emission remains a costly process (up to 20 ATP molecules per emitted photon) that could be a metabolic burden to the host bacterial bioreporter cells (van der Meer et al. 2004) . Therefore, the efficiency of the bioluminescent response of the Pseudomonas putida FeLux bioreporter may have been significantly altered at Stn BT07. Although the total Fe concentration at this location was relatively high (4.6 ± 0.2 nmol kg -1 ), bacterial production was significantly stimulated by Fe enrichment, suggesting a direct Fe limitation.
Taken together, these results confirm that Pseudomonas putida FeLux is sensitive and selective enough to detect trace variations in Fe bioavailability in complex environments such as seawater. Although bioreporter cells appeared to be too Fe-starved to generate an adequate bioluminescent response at Stn BT07, they remained operational at other stations located in a region characterized by the lowest DFe concentrations predicted from recent models (Moore et al. 2002) . Moreover, independent laboratory and field experiments suggest that the analytical window of P. putida FeLux is relevant to most environmental conditions, including HNLC conditions (bioluminescence linearly related to bioavailable Fe for Fe [III] concentrations spanning from 37 pM to 18.6 nM; Mioni et al. 2005) . Although not perfect, this diagnostic tool is far preferable to simple chemical measures of total Fe. Indeed, our results indicate that different environments with similar concentrations of total Fe display completely different Fe bioavailability. The decoupling observed between Fe bioavailability (as measured by the P. putida FeLux bioreporter) and chl a suggests that Fe speciation or factors other than total Fe concentration may be involved in controlling phytoplankton biomass (e.g. the limitation of other nutrients, light, or control exerted by temperature or grazing pressure etc.). Previous studies effectively demonstrated that the ability to acquire Fe from various organic Fe complexes varies greatly among taxonomic groups and even among species (Hutchins et al. 1999 .
By coupling bioreporter analyses to the manipulation of Fe bioavailability and bacterial production, we were able to gain more insight into the pool of bioavailable Fe. Stations investigated in the present study could be classified in 3 main groups:
(1) Fe-sufficient stations, represented by Stns BT01 and BT12. Interestingly, Stn BT01 was located close to a known upwelling that supplies nutrient-rich deep waters (Romero & Hebbeln 2003) . One may therefore assume that upwelled waters at this station may have been a significant source of 'new' Fe that was highlly bioavailable to Pseudomonas putida FeLux. Bacterial production rates measured at this station seem to corroborate this assumption. Bacterial production rates were relatively low, but addition of Fe alone did not stimulate bacterial activities (in term of Leu or TdR incorporation), which indicates that the ambient bacterioplankton community was not primarily limited by Fe but perhaps by other nutrients (e.g. dissolved organic carbon). By contrast, Stn BT12 was located in the most oligotrophic waters (in terms of chl a) at the edge of the warm pool where picoplankton are expected to dominate the biomass.
(2) Stations displaying Fe stress but not Fe starvation (Stns BT03, BT04, BT05, BT06, and BT09). These stations cover both waters offshore of the Peru upwelling system (BT03, BT04, BT05, BT06) and waters of the Costa Rica Dome (BT09), which are known to be characterized by transient Fe-limiting conditions (Chavez et al. 1999 , Hutchins et al. 2002 , Frank et al. 2003 , Bruland et al. 2005 . Resident planktonic species may be expected to be adapted to such limiting conditions, and thus be better competitors for Fe as illustrated by the high bacterial activity (Leu and TdR incorporation rates). Stns BT06 and BT09 can be distinguished from the previous subgroup by the decrease in light production upon Fe addition. Curiously, bacterial production rates at these 2 stations suggest that bacterial activities were high and that the endogenous bacterial community was not directly Fe-limited. At these stations, bacterial growth and activity may have been uncoupled (i.e. protein turnover was independent of net growth rates), which could complicate the interpretation of Leu incorporation rates. Indeed, it was previously reported that Leu incorporation rates tend to overestimate biomass production when growth rates are slow (Kirchman 2001) . Stn BT06 is known to be located in a severely Fe-limited HNLC area ([DFe] 0.05 nM; Bruland et al. 2005) , and bacterioplankton may be adapted to such conditions.
(3) An Fe-starved station (BT07). Stn BT07 was located in equatorial seawater where picoplankton dominate the plankton assemblage (Coale et al. 1996 , Cochlan 2001 ). Bacterial production rates in Feamended samples vs. controls suggest that Fe was directly limiting at the equator.
In summary, these results indicated that the bioavailability of Fe is location-dependent (varying with species composition, DFe concentration etc.). Although our results do not resolve the debate between indirect or direct Fe limitation, they clearly indicate that the pool of bioavailable Fe to heterotrophic bacteria such as Pseudomonas putida FeLux differs among regions and that subtle differences exist among bioavailable Fe pools that would appear at first sight to be similar. Our results also highlighted the linkage between Fe availability and Fe speciation in marine systems, because changes in speciation (via DFB addition) markedly influenced the response of our bioreporter. This observation is in agreement with previous reports that suggested a feedback relationship between the plankton community and the bioavailable Fe pool. For example, the structure of the organic ligands derived from marine biota influences Fe availability to the planktonic community (Hutchins et al. 1999 ) and, as a consequence, may influence the community composition (Eldridge 2004 ).
Effect of the small particulate fraction on Fe bioavailability
Previously, we reported that at least a fraction of particulate Fe is bioavailable to bacterioplankton in aquatic ecosystems (Mioni et al. 2003) . In the present study, the relationship between the particulate Fe pool and the bioavailable Fe pool appears more complex. Our results suggest that the small particulate size class (0.2 to 0.8 µm) can effectively influence Fe bioavailability by acting as both a source (as at Stn BT04) and a sink (e.g. at Stns BT07 and BT09). Moreover, the particulate fraction appears to buffer artificially induced variations in Fe bioavailability at all stations investigated, indicating that it plays a key role in controlling the bioavailable Fe pool in marine systems. Therefore, our results highlight the complexity of the feedback relationships between Fe bioavailability and the particulate size class.
Because the heterotrophic bacterioplankton were included in this small particulate size class, our results may reflect the level of cooperative or competitive production of siderophores. Recent models suggest that cooperation is advantageous -even when relatedness is low -in the case of global competition (i.e. when DFB is added at a high level in seawater samples that contain several bacterial subpopulations; Griffin et al. 2004) . Such cooperative siderophore production may explain why Fe bioavailability did not vary in the 0.8 µm filtered treatments when the system was pushed into further Fe-limiting conditions.
Although early reports claimed that only dissolved inorganic species of Fe were bioavailable to aquatic microbes, several lines of evidence suggest that particulate Fe could be an important source of Fe to microbial organisms in oceanic environments. Most Fe in surface seawater (up to 99% in the equatorial Pacific) is in the particulate size class, and most of the DFe fraction is colloidal (Sunda 2001) . Photochemical processes at seawater pH have been shown to increase the solubility of otherwise inert Fe crystalline oxides (Wells et al. 1991) , and as such their bioavailability to microorganisms. Other studies suggested that Fe hydroxides can support Fe uptake as a result of their fast dissolution kinetics (Kuma & Matsunaga 1995) , and that such hydroxides can adsorb to the cell surface where they subsequently undergo bioreductive dissolution (Sunda 2001) . This mode of Fe acquisition may be used by cyanobacteria such as Trichodesmium spp. (Sunda 2001) . Siderophores also increase the solubility and dissolution kinetics of Fe oxides over a wide pH range, and may therefore increase the bioavailability of Fe in aquatic systems (Kraemer 2004) . Moreover, most microbial organisms are capable of phagotrophy, which could be used to acquire Fe from the particulate fraction (Sunda 2001) . Experiments on the autotrophic flagellate Ochromonas sp. in the Pacific Ocean demonstrated that this organism could acquire Fe directly from the particulate fraction by ingesting bacteria (Maranger et al. 1998) . In the present study, contrasting results suggest that the importance of the particulate pool is dependent on location (i.e. community structure, total Fe, nutrients etc.) in a similar fashion as to what is observed for the dissolved (< 0.2 µm) Fe pool.
Results presented here highlight the complexity of the bioavailable Fe pool in marine environments, and suggest that the speciation of Fe as well as the biological community itself influences Fe bioavailability to the bacterioplankton. A decoupling between Fe bioavailability and bacterial production or phytoplankton biomass suggests that other factors besides bioavailable Fe (e.g. the structure of the organic-binding ligands) may influence the community structure.
